Introduction
GATA3 belongs to a family of dual zinc-finger transcription factors that are involved in vertebrate embryonic development, and GATA3 haploinsufficiency has been reported to result in the congenital hypoparathyroidism-deafness-renal dysplasia (HDR) syndrome (1) . The mammalian GATA proteins (GATA 1-6) share related Cys-X 2 -Cys-X 17 -Cys-X 2 -Cys (where X represents any amino acid residue) zinc-finger DNA-binding domains that bind to the consensus motif 5′-(A/T)GATA(A/G)-3′ (2) . The C-terminal finger (ZnF2) is essential for DNA binding, whereas the N-terminal finger (ZnF1) helps to stabilize this binding and to physically interact with other proteins such as the multi-type zinc-finger proteins FOG 1 and 2 (3). In vitro studies have shown that the HDR-associated GATA3 mutations result in an impaired binding to the target DNA motif or to a destabilization of this binding or to a lack of interaction with FOG2 ZnFs (1, (4) (5) (6) ; these abnormalities in turn will alter the transcriptional activity of GATA3.
The genes that are regulated by GATA3 in the parathyroids remain largely unknown, while some of the target genes in the kidney and inner ear have been identified by in vitro and in vivo studies of a mouse model that is deleted for Gata3 (7) (8) (9) (10) . Gata3 +/-mice are viable and fertile, but Gata3 -/-embryos die by E12.5 and have abnormalities of renal morphogenesis (7, 11) due to dysregulation of Ret expression, which is important for the development of the mouse kidney and nephric duct (9) . Gata3 and Ret have been shown to form part of an important transcriptional cascade, whereby pairedbox (PAX) proteins -PAX2 and PAX8 -participate upstream to activate Gata3 in the renal morphogenesis pathway (8, 9) . However, it is important to note that the altered renal morphogenesis is observed in Gata3 -/-mice but not in Gata3 +/-mice, while HDR patients, who are also heterozygous for the GATA3 mutation, have abnormal kidneys (7) . In contrast, deafness is found to occur in Gata3 +/-mice and is similar to that in HDR patients (12) (13) (14) . The deafness in Gata3 +/-mice is due to abnormalities of the inner ear, which include early degeneration of the inner ear hair cells, and part of the underlying mechanism involves abnormalities of the insulin-like growth factor signaling pathway that includes the serine/threonine kinase Akt/PKB (10, 14) . However, the role of GATA3 in the parathyroid morphogenesis pathway, which includes the transcription factors HOXA3, PAX1, PAX9, TBX1, SOX3, and glial cells missing 2 (GCM2) (15) (16) (17) (18) (19) , remains to be defined. As a first step, we investigated the development of hypoparathyroidism and parathyroid gland abnormalities in mice deleted for Gata3.
However, this standard chow diet contains amounts of calcium and vitamin D that are 150-fold and 30-fold greater, respectively, than the normal daily recommendation intakes in humans. These high dietary contents of calcium and vitamin D may be able to rectify hypocalcemia, and mice were therefore challenged at weaning with a diet low in calcium (0.001%) and vitamin D (0.0 iU/g). The low calcium/vitamin D diet led to a significantly higher mortality among the Gata3 +/-mice such that 56% of Gata3 +/-mice had died by day 27, whereas only 3% of the Gata3 +/+ mice had died (P < 0.001) ( Figure  1A ). The plasma calcium concentrations (adjusted for albumin) as well as those for phosphate and parathyroid hormone (PTH) were similar in the surviving Gata3 +/-and Gata3 +/+ mice (data not shown). However, death in these Gata3 +/-mice, which was sudden and not observed to be associated with seizures or neuromuscular irritability, occurred from day 13 on the low calcium/vitamin D diet, suggesting that these mice may have been developing hypocalcemia prior to this time. Plasma samples were therefore collected on day 12 after starting the low calcium/vitamin D or control diet. Gata3 +/+ and Gata3 +/-mice on a control or a low calcium/vitamin D diet had similar plasma sodium, potassium, urea, creatinine, chloride, total protein, albumin concentrations, and alkaline phosphatase activity (data not shown). Moreover, the mean plasma calcium and PTH concentrations in the Gata3 +/+ and Gata3 +/-mice on the control diet were not significantly different. However, in the Gata3 +/+ and Gata3 +/-mice on the low calcium/vitamin D diet, the mean plasma calcium concentrations were lower, and the mean circulating PTH concentrations were higher; furthermore, the Gata3 +/-mice had significantly lower mean plasma calcium concentrations than the Gata3 +/+ mice (2.01 ± 0.23 versus 2.16 ± 0.29 mmol/l; P < 0.01), but this was associated with lower mean PTH concentrations (73.7 ± 22.1 versus 86.4 ± 23.0 pmol/l; P < 0.01) (Figure 1 , B and C). These results suggested a defect in PTH secretion in response to hypocalcemia in the Gata3 +/-mice.
Parathyroid gland size and proliferation in adult Gata3 +/-mice. The significantly lower plasma calcium concentrations observed in the Gata3 +/-mice on the low calcium/vitamin D diet and a lower circulating PTH concentration than that observed in the Gata3 +/+ mice ( Figure 1 , B and C) suggested a blunted PTH secretory response in the Gata3 +/-mice. PTH secretion has been reported to correlate with parathyroid gland size (20) , and the size of the parathyroid glands in the Gata3 +/-and Gata3 +/+ mice were therefore assessed ( Figure 2A ). Cross-sectional areas were measured using H&E-stained sections (21) and corrected for body weight. Gata3 +/+ and Gata3 +/-mice on the control diet had similar parathyroid gland sizes. However, on the low calcium/vitamin D diet, the parathyroid gland sizes of the Gata3 +/+ , but not of the Gata3 +/-, mice were significantly increased (approximately 2-fold, P < 0.05; Figure 2A) . Thus, the parathyroids of the Gata3 +/+ mice became significantly larger than those of the Gata3 +/-mice. This enlargement of parathyroid gland size was due to increased proliferation ( Figure 2B ), as demonstrated by the increase in the mean Ki-67 proliferation rate. In
Figure 1
Effects of low calcium/vitamin D diet on survival and plasma calcium and PTH concentrations. (A) Gata3 +/+ (wild-type) and Gata3 +/-mice were placed at weaning (day 0) on a low calcium (0.001%)/vitamin D (0.0 iU/g) diet. Survival of Gata3 +/-mice on the low calcium/vitamin D diet was significantly reduced. Sudden death occurred in Gata3 +/-mice after 13 days on the low calcium/vitamin D diet. By day 27, there were less than 50% Gata3 +/-mice surviving, and the study was terminated. In contrast, more than 95% of the Gata3 +/+ mice survived (P < 0.001). Numbers of mice in each group are indicated on the right, and number of deaths are shown in parentheses. (B) Plasma-adjusted calcium and PTH concentrations were assessed 12 days after weaning while on control (0.95% calcium and 4.5 iU/g vitamin D) or low calcium/vitamin D diets. Gata3 +/+ and Gata3 +/-mice had similar plasma calcium concentrations on the control diet but became significantly hypocalcemic on the low calcium/ vitamin D diet, although the Gata3 +/-mice had significantly lower plasma calcium concentrations than their Gata3 +/+ littermates. (C) Gata3 +/+ and Gata3 +/-mice had similar plasma PTH concentrations on the control diet, and this rose significantly in response to the low calcium/vitamin D diet, although the elevation in plasma PTH was less in the Gata3 +/-mice. Gata3 +/+ (black bars); Gata3 +/-(gray bars). Error bars represent SEM. # P < 0.000001, Gata3 +/+ mice on control versus low diet; φ P < 0.000001, Gata3 +/-mice on control versus low diet; *P < 0.01.
the parathyroids of mice on the low calcium/vitamin D diet, the increase was approximately 4-fold (P < 0.05) in the Gata3 +/+ mice and only 2-fold in the Gata3 +/-mice when compared with those on the control diet. Furthermore, the mean proliferation rate of parathyroids in the Gata3 +/-mice on the low calcium/vitamin D diet was significantly (P < 0.05) lower than that of the Gata3 +/+ mice. The rates of apoptosis in the parathyroids of the Gata3 +/-and Gata3 +/+ mice on the control or low calcium/vitamin D diets were less than 0.001% and not significantly different (data not shown). These findings indicate that the diminished parathyroid gland enlargement in the Gata3 +/-mice may be caused by a lower proliferation rate and not an increased apoptosis rate, and we therefore investigated Gata3 +/+ , Gata3 +/-, and Gata3 -/-embryos for abnormalities of parathyroid proliferation and differentiation.
Role of Gata3 in developing parathyroid primordia. We used E12.5 and E11.5 mouse embryos to study the role of Gata3 in parathyroid cell proliferation and differentiation because it is at these stages that parathyroid development becomes distinguishable from the third pharyngeal pouches. The third pharyngeal pouches become visible by E9.5-E10, and by E11-E11.5 epithelial outgrowths form the bilateral parathyroid-thymus primordia that consist of a dorsalanterior parathyroid domain, which specifically expresses Gcm2, and a ventral-posterior thymus domain that expresses forkhead box n1 (Foxn1) (17, (22) (23) (24) . Each primordium then separates into one parathyroid gland and one thymus lobe at E12.5-E13.5, which then migrate to their eventual adult locations by about E14.5 (25, 26) . To identify parathyroid cells, we used expression of the calciumsensing receptor (CaSR) in E12.5 embryos (17) and expression of Gcm2 in E11.5 embryos (22) . Investigation of the expression patterns of Gata3 and Gcm2 revealed them to be overlapping in the pharyngeal endoderm of developing Gata3 +/+ mouse embryos, with Gata3 expression occurring from E8.5 and localizing in the parathyroid domain of the common parathyroid-thymus primordium at E11.5 (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI42021DS1). Gata3 +/-E12.5 embryos were found to have smaller parathyroid-thymus primordia that contained fewer CaSR immunostaining cells ( Figure 2C ). In addition, Gata3 -/-E12.5 embryos had gross developmental defects of the third and fourth pharyngeal pouches that included absent parathyroid-thymus primordia evident by examination of H&E-stained serial sections and by the lack of CaSR in the third pouch ( Figure 2C ). These abnormalities of primordia size in Gata3 +/-and Gata3 -/-embryos were also present earlier in E11.5 embryos ( Figure 2D ). The volume of the third pouch, which was estimated using serial sections (27) , was 50% smaller in Gata3 +/-E11.5 embryos when compared with that of Gata3 +/+ embryos ( Figure 2E ), consistent with the observed size differences at E12.5. Moreover, Gata3 -/-E11.5 embryos were found to have a very small third pouch in association with severe abnormalities of the pharyngeal region ( Figure 2D ). This indicates that although the formation of the parathyroid-thymus primordia is initiated in E11.5 Gata3 -/-embryos, it does not progress further and by E12.5, these primordia are lost. This lack of further differentiation into parathyroid primordia is likely due to the observed absence of Gcm2 expression in cells of the third pouch in Gata3 -/-embryos, and the smaller parathyroid size in the Gata3 +/-embryos is likely due to the markedly reduced proliferation of Gcm2-expressing cells in the third pouch when compared with Gata3 +/+ embryos (18.1% ± 3.6% versus 29.2% ± 1.8% of the total third pouch volume, P < 0.002; Figure 2E ). Thus, Gata3 +/-embryos have smaller third pharyngeal pouches as well as an approximate 40% reduction in the proportion of cells that are specified to the parathyroid fate as defined by Gcm2 expression. These results indicate that Gata3 and Gcm2 may form part of a transcriptional cascade that determines parathyroid gland development and parathyroid cell proliferation. This would be consistent with the reports that ablation of Gcm2 in mice leads to complete loss of parathyroid glands (28) , while deletions and mutations of the GCMB gene, which is the human homolog, result in isolated hypoparathyroidism (29, 30) , while GCMB overexpression is associated with parathyroid tumors (31) .
Putative GATA3-binding sites in the GCMB promoter. On the basis of Gata3 and Gcm2 coexpression in the third pharyngeal pouch of wild-type E11.5 mouse embryos (Supplemental Figure 1 ) and the absence of Gcm2 expression in the Gata3 -/-embryos together with the marked reduction in Gcm2 expression in the Gata3 +/-embryos ( Figure 2 , D and E), we postulated that GATA3 may directly regulate the expression of Gcm2/GCMB. Gcm2/GCMB is specifically expressed in the parathyroid glands (22, 28) , which weigh less than 0.125 mg in adult mice (21) , thereby making it difficult to obtain sufficient quantities of RNA and chromatin to investigate Gcm2 transcripts and binding to the promoter region in mouse parathyroids. However, in humans, the parathyroid glands weigh 90-130 mg (32) and parathyroid adenomas, which express GCMB (31), may weigh from 100 mg to several grams. We therefore used human parathyroid adenomas to obtain sufficient quantity of RNA and chromatin for investigation of the proximal promoter region of the human GCMB gene for functionally active GATA3-binding sites. The human GCMB gene, which is located on chromosome 6p23, has been reported to consist of 5 exons with the ATG translation start codon in exon 1 and a transcription start site residing approximately 70 bp upstream of the ATG codon, as determined by analysis of the longest clone isolated from a human fetal brain cDNA library (33) ( Figure 3A ). To characterize further the promoter region of GCMB, which is specifically expressed in parathyroid glands, we used total RNA from parathyroid adenomas for 5′ rapid amplification of cDNA ends (RACE) (Figure 3 , B and C). DNA sequence (D) Sagittal sections of pharyngeal pouches and pharynx (phx) from E11.5 embryos hybridized with Gcm2 riboprobe to identify the parathyroid domain of the common parathyroid-thymus primordium (arrows) arising from the third pharyngeal pouch. Scale bars: 100 μm (top panels); 50 μm (bottom panels). h, heart. (E) Volume of third pharyngeal pouch in E11.5 embryos (n = 6 of each genotype) and the proportion of Gcm2-expressing cells. *P < 0.02; **P < 0.001; ***P < 0.002. P values calculated using Student's t test. Error bars represent SEM.
analysis of the GCMB transcript clones revealed the presence of a transcript with a longer 5′ UTR, in which the transcription start site (+1) was 249 bp from the ATG codon ( Figure 3, A, B, and D) . This finding is in agreement with a report (34) published during the course of this study, in which 5′ RACE of RNA extracted from a human parathyroid adenoma revealed that the transcription start site was located 248 bp upstream of the ATG in exon 1 ( Figure 3D ). However, our study also identified another transcript that started further upstream and contained an alternative exon of 114 bp that spliced to an acceptor splice site, which we believe to be novel, some 34 bp from the ATG site ( Figure 3, A, B, and D) . Thus, this alternative transcript contains 6 exons, in which the first exon (exon 1a) is noncoding ( Figure 3A ). Semi-quantitative PCR was used to determine the abundance of each transcript in the parathyroids. This revealed that the amount of the splice variant containing exon 1a was equivalent to a 20-fold dilution of the transcript containing exon 1, thereby indicating that this splice variant is the minor transcript that contributes approximately 5% to the total GCMB RNA pool in parathyroids.
We analyzed the promoter region of the more abundant GCMB transcript, which has the ATG codon in exon 1, for putative GATA3-binding sites in the 1.4-kb DNA sequence that is 5′ to the +1 transcription start site (TSS) ( Figure 3D ). The promoter region of the transcript contains a canonical TATA box at approximately -30 bp from the TSS (Figure 3D) . GATA proteins recognize canonical 5′-(A/T)GATA(A/G)-3′ DNA binding sites as well as others that conform to the sequence 5′-(A/T/C)GAT(A/T)(A)-3′ (35) . Analysis of the 1.4-kb sequence for these motifs revealed 3 putative GATA3-binding sites, A to C ( Figures  3D and 4A ). Among these, site C contained a double-GATA motif at position -1082 bp to -1066 bp from the transcription start site (+1) ( Figure 3D ). An examination of the approximately 1.5-kb genomic region of the mouse Gcm2 gene revealed that it also contained a double-GATA motif as well as 6 other putative GATA3-binding sites (Supplemental Figure 2) . All 3 of the GCMB GATA sites with the core GAT motif were functionally characterized using EMSAs and luciferase reporter assays. Two other sites with a reverse orientation GATA motif (5′-ATAG-3′, i and ii; Figure 3D ) were used as negative controls to assess for nonspecific binding and activity.
Binding by GATA3 protein to GATA motifs in the GCMB promoter region. To determine whether the 3 GATA motifs could physically interact with the GATA3 protein, EMSAs were performed as described (4) using nuclear extracts from COS-7 cells transfected with a wild-type GATA3 construct prepared in pcDNA3.1 (GATA3-pcDNA3.1) and a 32 P-labeled double-stranded approximately 30-bp oligonucleotide that contained a GATA motif from the endogenous GCMB promoter ( Figure 4A) . Quantification of the proportion of bound oligonucleotide relative to the total oligonucleotide (i.e., bound and unbound) was carried out by densitometry to yield an approximation of the strength of binding. This revealed that the double-GATA site C showed strong binding ( Figure 4B ) in which approximately 93% of the oligonucleotide was bound to GATA3 protein ( Figure 4B ), which was confirmed using a super-shift assay with a GATA3 antibody ( Figure  4C ). This site is located at position -1082 bp to -1066 bp (site C) from the transcription start site (+1) (Figures 3D and 4A ). This strong binding is consistent with a report that GATA proteins form dimers on DNA with double-GATA sites by an association of the N-and C-terminal zinc-fingers of separate molecules (36) . Sites A and B showed only weak binding to GATA3 protein, while the negative controls (i and ii) showed no binding to GATA3 protein ( Figure 4B ). Thus, these EMSA studies indicate that site C, with its double-GATA motif, is likely to be the functionally significant GATA3-binding site ( Figure 4A) .
Characterization of GATA motifs in the promoter region of GCMB using luciferase reporter assays. Cell lines derived from normal parathyroids of humans or any other species were not available, and other cell lines were therefore assessed for the expression of parathyroidspecific genes to facilitate the selection of an appropriate one in which to perform luciferase reporter assays. RNA extracted from the cell lines COS-1 and COS-7 (African green monkey kidney fibroblast-like cell lines); HEK-293 (human embryonic kidney); HK-2 and HKC-8 (human proximal tubule cells derived from normal kidney cortex); human parathyroid adenoma and kidney was used with exon-specific primers to detect expression of GATA3, FOG2, GCMB, PTH, and CASR by RT-PCR. All of these transcripts were expressed in the parathyroid adenoma ( Figure 5A ), and all but PTH and GCMB were expressed in the kidney, indicating the parathyroid specificity of PTH and GCMB expression. However, both GATA3 and FOG2 were expressed in the parathyroid and kidney, consistent with the role of GATA3 and its interacting protein, FOG2, in the HDR syndrome. Among the cell lines, the coexpression of GATA3 and FOG2 was observed only in HEK-293 cells, and these were, therefore, selected for luciferase reporter assays to study the effect of GATA3 binding on the GCMB promoter. The 1.2-kb DNA sequence 5' of the transcription start site (+1) of the GCMB gene ( Figure 5B ) was cloned upstream of the Firefly luciferase gene in a pGL3 vector, and this reporter construct was transfected into HEK-293 cells. This revealed that the 1.2-kb region upstream of the GCMB gene had regulatory activity, as it was able to induce expression of the luciferase gene approximately 20-fold higher than the promoter-less pGL3-basic construct ( Figure 5B) . Furthermore, when cells were cotransfected with a GATA3 expression vector, this activity doubled (P < 0.05) ( Figure 5B ). However, when HEK-293 cells were transfected with a deletion construct that lacked the double-GATA site C, but contained the 0.9 kb of the GCMB upstream sequence with sites A and B, transactivation by GATA3 was not observed ( Figure 5B ). These results indicate that the GATA sites A and B present in the 0.9-kb sequence are not functional, and this is consistent with the in vitro DNA-binding results, which revealed that these GATA sites bound GATA3 protein weakly (Figure 4, A and B) . In order to assess the contribution of each of the GATA sites to the functionality of the double motif C located at position -1082 to -1066 bp, the G in each GATA site was mutated to a C, individually or in combination ( Figure 5B ), by site-directed mutagenesis of the 1.2-kb reporter construct. Transfection of these mutant constructs into HEK-293 cells did not increase transactivation activity by GATA3, thereby emphasizing the importance of an intact site C and confirming the results from the 0.9-kb deletional construct ( Figure 5B ). Mutating each GATA site individually also abolished transactivation by GATA3, indicating that an intact double-GATA motif is required. The function of this double-GATA site was independently assessed by transfecting HEK-293 cells with a reporter construct that only had a 161-bp sequence of the GCMB promoter (-1141 to -980 bp from transcription start site) containing site C and observing a 10-to 15-fold increase in reporter activity ( Figure 5B ). Thus, these results indicate that transactivation by GATA3 takes place via the double-GATA site located at position -1082 to -1066 bp in the GCMB promoter. This double-GATA site is conserved in the putative mouse Gcm2 promoter, suggesting that GATA3 is also likely to transactivate the Gcm2 promoter in a similar manner (Supplemental Figure 2) .
Determining binding of GATA3 to the GCMB promoter in vivo.
ChIP experiments were performed to assess the functionality of the GATA motif at site C in context of the chromatin and to test the binding by GATA3 protein to this site in vivo. In order to obtain sufficient material, we used human parathyroid adenomas, which were shown to express GATA3 and GCMB (Figure 5A) . Following tissue homogenization, sonication, and crosslinking using paraformaldehyde, the presence of intact proteins was demonstrated by Western blot analysis ( Figure 6, A and B) . This revealed the presence of the 50-kDa intact GATA3 protein as well as the 70/75-kDa lamin A/C nuclear protein (Figure 6B ). An RNApolII antibody was used to confirm binding to the promoter of the constitutively expressed GAPDH gene, thereby demonstrating that the ChIP assay was able to detect specific binding ( Figure  6C ). PCR primers specific for the GAPDH promoter were used to show enrichment of the GAPDH PCR product (166 bp) in the fraction of chromatin immunoprecipitated with RNApolII antibody over chromatin immunoprecipitated nonspecifically with a mouse IgG. This revealed a greater abundance of the GAPDH PCR product in the RNApolII ChIP than in the IgG ChIP and both GATA3 ChIP reactions ( Figure 6C ). PCR primers, which flanked the double-GATA motif at site C in the GCMB promoter and yielded a product 160-bp long were used in a hot start PCR with DNA immunoprecipitated by 2 different GATA3 antibodies. This revealed substantially more of the 160-bp PCR product than was observed in PCR reactions with DNA from the RNApolII ChIP, which in turn was much higher than the negative control IgG . Bioinformatic analysis of the 1400-bp sequence predicted only site C as a putative binding site of GATA3 (marked +); sites A and B and motifs i and ii were not predicted by this analysis (marked -). Binding by GATA3 protein to each site or motif assessed by EMSAs (B) is indicated (+++, strong; +, weak; -, absent). (B) EMSAs using nuclear extracts from COS-7 cells, transfected with the GATA3 expression vector. Binding reactions utilized a radiolabeled ( 32 P) double-stranded (ds) oligonucleotide containing putative GATA site (A-C). Control binding reactions using untransfected (UT) cells and probes containing the consensus GATA binding site (+) or GATA motifs (i and ii) in the reverse orientation were performed. Densitometry revealed that more than 90% of ds oligonucleotide C was bound, but less than 10% of the ds oligonucleotides A and B were bound, and 0% of the oligonucleotides i and ii were bound. (C) Use of an anti-GATA3 antibody in the binding reaction (+) with ds oligonucleotide containing GATA site C revealed a supershift, indicating that the complex was specific for the GATA3 protein.
ChIP ( Figure 6C ). These observations were confirmed by quantitative SYBR Green PCR ( Figure 6, D and E) . This enrichment of the DNA sequences specific to the GCMB promoter and containing the double-GATA motif C demonstrates that GATA3 protein occupies the GCMB promoter in vivo.
Discussion
Our results demonstrate important roles for GATA3 in the embryonic development of the parathyroids and in adult parathyroid cell proliferation. Thus, Gata3 -/-and Gata3 +/-embryos lacked or had smaller parathyroid-thymus primordia (Figure 2, C and D) , respectively. Moreover, the parathyroids of adult Gata3 +/-mice did not show an increased proliferation rate or enlargement (Figure 2, A and B ) in response to hypocalcemia induced by a low calcium/vitamin D diet ( Figure 1B) . Indeed, this inability of the parathyroids of adult Gata3 +/-mice to proliferate may help to explain the inadequate increase in plasma PTH ( Figure 1C ) and the subsequent failure to correct the hypocalcemia (Figure 1B) , which likely contributed to the higher mortality ( Figure  1A ). These findings in the Gata3 +/-mice are consistent with the observed hypocalcemia that occurs in association with inappropriately normal or low plasma PTH concentrations in patients who have the HDR syndrome due to GATA3 haploinsufficiency. However, the hypocalcemia in HDR patients is not usually associated with a high mortality (1, 4-6), and it seems possible that other causes, which may be exacerbated by the hypocalcemia, may contribute to the higher mortality. The hypocalcemia in the Gata3 +/-mice ( Figure  1B ) is mild when compared with that reported in Pth -/-mice, which do not have a high mortality (37) , and a possible explanation for the observed higher mortality in the Gata3 +/-mice ( Figure 1A) is the genetic background of the Gata3 +/-mice. The Gata3 +/-mice are on a FVB/N background, which has been reported to be associated with seizures leading to deaths (38) , whereas the Pth -/-mice are on a C57BL/6 background (37), which has not been reported to be prone to seizures. It therefore seems plausible that the combined effects of the mild hypocalcemia and the susceptibility to seizures in the FVB/N strain may provide a possible explanation for the higher observed mortality in the Gata3 +/-mice.
Our findings also show that the small size or absence of the parathyroids in the Gata3 +/-and Gata3 -/-embryos, respectively, is due to the markedly reduced number of Gcm2-expressing cells in the third pharyngeal pouch (Figure 2, D and E) . Indeed, the atrophy of the parathyroid-thymus primordia by E12.5 in Gata3 -/-embryos suggests that GATA3 is critical to maintaining differentiation and subsequent survival of parathyroid and thymus progenitor cells. Furthermore, our data demonstrate that GCMB is transcriptionally regulated by GATA3 (Figures  3-6) . Thus, the results from EMSAs ( Figure 4B ), luciferase reporter assays ( Figure 5B) , and ChIP assays ( Figure 6 , C and E) revealed that GATA3 binds to the promoter of the human GCMB gene. GATA3 is specifically bound at the double-GATA motif located at position -1082 to -1066 from the transcription start site (+1) of the GCMB gene, and mutations of these GATA motifs individually or in combination resulted in a loss of Cotransfecting with a GATA3 expression vector resulted in a significant (P < 0.05) increase in the activity, by 2-fold. A deletion construct that lacked the double-GATA site (Luc-c -, Figure 3 ) or constructs in which both GATA motifs were mutated to CATA (Luc-c m1+2), or individually (Luc-c m1 and Luc-c m2) demonstrated a loss in transactivation by GATA3. A reporter construct (Luc-c only) that had the 161-bp sequence of the GCMB promoter containing the double-GATA site placed directly upstream of the luciferase gene did not increase the transcription activity, but cotransfection with GATA3 significantly (P < 0.001) increased the reporter activity, by 10-to 15-fold. Mean ± SEM of 3 independent experiments, each performed in triplicate wells, is shown.
transcriptional activation in luciferase reporter assays. Importantly, this double-GATA site was shown to be occupied by GATA3 protein in vivo on the chromatin extracted from parathyroid adenoma cells, thereby indicating GATA3 has a role in regulating GCMB expression. Thus, our findings provide mechanistic insights about the regulation of this parathyroid-specific factor, which has an important role in maintaining parathyroid development (28) and cell differentiation (17) .
The precise role of GATA3 in regulating GCMB expression, by either activation or repression, in normal parathyroid cells and parathyroid tumors remains to be elucidated. However, this regulation is likely to involve the CaSR, which is a G-protein-coupled receptor. A reduction in extracellular calcium causes downregulation of GCMB expression (31), enhanced parathyroid proliferation, and increased PTH expression and secretion (39) , while an increase in extracellular calcium causes decreased PTH expression and secretion (40) , decreased parathyroid proliferation, and upregulation of GCMB expression (31) . These changes in extracellular calcium are detected by the CaSR, but the signal transduction pathways coupling CaSR to nuclear activities remain to be fully elucidated. However, activation of the CaSR by ligand binding results in activation of the MAPK pathway (41) , and in human T cells, GATA3 has been shown to be a direct phosphorylation target of MAPKs (42, 43) . For example, T cell receptor-mediated activation of the Ras-ERK MAPK cascade stabilizes GATA3 protein in developing Th2 cells through the inhibition of the ubiquitin/proteasome pathway, allowing GATA3-mediated chromatin remodeling at Th2 cytokine gene loci (44) . This suggests the possibility that in parathyroid cells, activation of the CaSR/MAPK pathway may work to phosphorylate GATA3 and enhance its translocation into the nucleus to initiate GCMB expression.
The target genes of mammalian GCMB/GCM2 are largely unknown. However, recent studies that utilized cultured primary parathyroid cells from hyperplastic glands of patients with chronic kidney disease (45) have demonstrated that downregulation of GCMB expression by infection with lentivirus expressing shRNA for GCMB resulted in downregulation of CASR expression, suggesting that one of the functions of GCMB may be to maintain high levels of CASR expression in parathyroid cells (45) . These findings are supported by studies in cotransfected HEK-293, in which exogenous GCMB was able to transactivate reporter constructs containing CaSR promoter DNA sequence encompassing GCMB response elements (46) . Thus, it is possible that GATA3 acts via GCMB to regulate expression of CASR, which is a G-protein-coupled receptor. This would be consistent with reports of some of the downstream target genes of GCMB that have been identified by studies in Drosophila, which have shown that gcm regulates expression of the repo, pointed, and loco genes (47, 48) . The repo and pointed genes code for transcription factors that control terminal glial differentiation, while the loco gene codes for a protein with a regulator of G-protein signaling (RGS) domain. RGS proteins, which are responsible for the rapid turnoff of G-proteincoupled receptor signaling pathways (49), act via the GTPase-activating protein activity of their RGS domain, which promotes GTP antibodies, HG3-31 and HG3-35, and 2 isotype-matched control antibodies, RNApolII and IgG. Purified DNA fragments after ChIP reactions were amplified by PCR with 2 primer pairs specific for the GCMB and GAPDH promoter regions. GAPDH served as a positive control for RNApolII and a negative control for GATA3 antibodies. (D) Quantification of PCR products by SYBR Green quantitative PCR using primers specific for the GCMB and GAPDH promoter regions. The GATA3-independent housekeeping gene GAPDH served as positive control for the RNApolII antibody ChIP, which demonstrated a 7-fold enrichment over IgG ChIP (P < 0.01). (E) Quantification of PCR products by SYBR Green quantitative PCR using primers specific for the GCMB promoter region. This confirmed the enrichment of the GCMB promoter DNA fragments immunoprecipitated with GATA3 antibodies over those immunoprecipitated with IgG and showed a 6.5-and 7.5-fold increase with HG2-31 and HG3-35 antibodies, respectively (*P < 0.01). Results are shown as the mean ± SEM of 3 independent ChIP reactions.
hydrolysis by the α subunit of heterotrimeric G-proteins; this inactivates the G-protein and rapidly switches off G-protein-coupled receptor signaling pathways (49) . A cautious extrapolation of these mechanisms to the mammalian setting suggests the possibility that GCMB may regulate expression of a mammalian RGS protein, which may act to negatively regulate signaling from the CaSR, which in turn facilitates GATA3-regulated expression of GCMB. Thus, the results of our in vitro and in vivo studies in mice deleted for Gata3, which have revealed that GCMB is regulated by GATA3, suggest new avenues to explore to elucidate this transcriptional cascade that regulates parathyroid development and extracellular calcium homeostasis.
Methods
Mouse studies. A colony of Gata3 +/-mice, which were congenic Gata3 +/taulacZ on a FVB/N background (11), was established. All animal studies were approved by the University of Oxford Ethical Review Committee and were licensed under the Animal (Scientific Procedures) Act 1986, issued by the United Kingdom Government Home Office Department. After weaning, mice were fed a standard chow diet (Special Diets Services), which contained 1.15% calcium and 4.0 iU/g vitamin D; or a synthetic control diet (Dyets Inc.) containing 0.95% Ca and 4.5 iU/g vitamin D3; or a matched low calcium/vitamin D diet (0.001% Ca and 0.0 iU/g vitamin D3). Food and water were allowed ad libitum. Blood was collected for analysis of plasma using an Olympus AU400 analyzer, as described (50) . PTH was measured using an ELISA for mouse intact PTH (Immutopics), as described (50) . The trachea, thyroid, and parathyroid were block dissected and fixed overnight in 10% neutral formalin. Embryos were collected with the day of the vaginal plug designated as E0.5 and staged by morphological criteria, which included somite number and eye and limb morphology (17) .
Histology studies. Six-micron paraffin sections were stained with H&E using standard techniques. CaSR immunohistochemistry was performed using a rabbit polyclonal anti-CaSR antibody (Abcam) and the ABC secondary detection method (Santa Cruz Biotechnology Inc.). Color reaction was developed using diaminobenzidine chromogen (DAB) solution (Vectashield), and slides were counterstained with hematoxylin. Cell proliferation was estimated using a rat anti-mouse Ki-67 antibody (Dako). Total cell number was determined by counting cell nuclei per field using the Nikon NIS Elements BR software, and the proliferation rate was expressed as Ki-67-positive cells per total cell number. Three fields from each parathyroid were counted, and the mean ± SEM/SD determined. Whole-mount in situ hybridization using staged embryos fixed in 4% paraformaldehyde overnight and hybridized with digoxigenin-labeled Gcm2 RNA probe at 0.5 μg/ml was performed, as described (22) . Alkaline phosphatase-conjugated anti-digoxigenin Fab fragments were used at 1:5,000. BM-purple (Roche) was used as a chromagen to localize the hybridized probe. Sections were counterstained with nuclear fast red.
Patients. Informed consent, as approved by a national ethical committee (London Multicentre Research Ethics Committee, United Kingdom; MREC 02/2/93), was obtained from the patients, and parathyroid adenomas were collected and frozen immediately.
5′ RACE. Parathyroid adenoma total RNA was extracted using Trizol (Invitrogen), and reverse transcription and 5′ RACE-PCR were performed using 1 μg of RNA and the 5′/3′ RACE Kit (Roche) using universal primer mix and GCMB-specific primers (Supplemental Table 1 ). RACE products were cloned into TOPO vector (Invitrogen) and the DNA sequences determined as previously described (4) .
In silico analysis of the 5′ upstream regulatory region of GCMB. Potential transcription factor binding sites in the promoter region of GCMB were identified by the use of the following prediction programs: TESS Motif) and sonicated using a Soniprep 150 sonicator (Sanyo) at a 6 micron amplitude (10-15 pulses of 20 seconds) to yield chromatin fragments that were of 200-to 1000-bp size, as determined by agarose gel electrophoresis. The chromatin was precleared with protein-G agarose beads (Active Motif) and immunoprecipitated with 3 μg of one of the following mouse monoclonal antibodies: GATA3 (HG3-31 and HG3-35; Santa Cruz Biotechnology Inc.), RNApolII (Active Motif), and IgG (Active Motif) at 4°C overnight. The immunoprecipitated chromatin was collected from the washed protein-G beads by adding 5 μl 1 M NaHCO3 and 100 μl 1% SDS, and the covalent crosslinks between DNA and proteins were reversed by overnight incubation at 65°C with 4 μl, 5 M NaCl. The samples was further incubated with 10 μg RNase A at 37°C for 30 minutes, followed by 10 μg proteinase K at 42°C for 1 hour. The immunoprecipitated DNA was purified using mini-spin columns (Active Motif) and eluted in 50 μl of dH2O. PCR was performed using JumpStart Taq DNA polymerase (Sigma-Aldrich) at 26-35 cycles at 57°C (annealing temperature) with GCMB-specific primers (GCMB-cF, -1121 to -1140 bp, 5′-AAGATTTGTGTTCGGGTGGG; and GCMB-cR, -980 to -1000 bp, 5′-TGGGGAAGGAGGGAAAGGGG; Figure 3 ). Positive control GAPDH primers (GAPDH-For 5′-TACTAGCGGTTTTACGGGCG; GAPDH-Rev 5′-TCGAACAGGAGGAGCAGAGAGCGA) were used as controls to detect enrichment by the RNApolII antibody. The PCR products were resolved by 2% agarose gel electrophoresis. To quantify enrichment, ABI 7900HT-based real-time PCR analysis (Applied Biosystems) was performed with SYBR Green I PCR Master Mix (Invitrogen), and the fold increase over DNA immunoprecipitated nonspecifically with IgG was calculated using the formula 2 (ΔΔCt) , where Ct = the cycle number at which the fixed threshold is crossed; ΔCt = Ct (immunoprecipitated sample) minus Ct (input); and ΔΔCt = ΔCt (IgG) minus ΔCt (ChIP Ab).
Statistics. Statistical analysis was performed using SPSS version 14.0 and Microsoft Excel. Significance of differences was assessed by unpaired, 2-tailed Student's t test, Mann-Whitney U test, or c 2 test. P < 0.05 was considered significant.
